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David J. Barron, MD, FRCS(CT), and Ben Davies, PhD, FRCS(CT)The atrial switch procedures were once amongst thestandard armamentarium of the cardiac surgeon. However,
since the advent of the arterial switch, the Senning and Mustard
procedures would almost have been consigned to history—
were it not for their role in anatomical repair of congenitally
corrected transposition of the great arteries (ccTGA) as part of
the double-switch (and Rastelli-Senning) procedures.
The double-switch procedure has brought about the
renaissance of the atrial inversion procedures over recent
years, with the Senning procedure being the most popular
version. This poses particular problems because (1) it has
little in common with other cardiac procedures and so is
difﬁcult to learn and (2) ccTGA is associated with unusual
cardiac positions and venous connections that require
adaptations and variations on the standard procedure.
The Atrial Switch
The “atrial inversion” procedures were ﬁrst described in the
1950s and remain amongst the most ingenious and
innovative procedures in congenital cardiac surgery. The
Senning procedure was the ﬁrst to be described1 and used the
patients’ own tissues to create the venous bafﬂes. In contrast,
the Mustard procedure2 excised the interatrial septum and
used a pantaloon-shaped bafﬂe (usually of heterogeneous
material) to complete the inﬂow switch. Conceptually, the
Mustard procedure was the simpler of the 2 procedures and
became the more widely practiced, but the prosthetic bafﬂe
did not always accommodate for growth as readily as the
Senning procedure that used no additional material.
Unusual Atrial Anatomy and
ccTGA
Performing the atrial switch in the setting of ccTGA is further
complicated by the fact that the atrial anatomy and venous
connections can be unusual or anomalous. The ventricular
mass is frequently malpositioned (40%-50%) and can be in
full dextrocardia or mesocardia, which tends to sit the
ventricular mass more anteriorly. In this situation, not onlye front matter r 2013 Elsevier Inc. All rights reserved.
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difﬁcult) but the surface area of the right atrial free wall tends
to be reduced, leaving less tissue available to complete the
third (outer) layer of the Senning procedure. The rotational
effect tends to orientate the atrioventricular (AV) valves facing
forward, which again makes assessment of the intra-atrial
anatomy more difﬁcult. True situs inversus occurs in
5%-10% of ccTGA cases, in which case, the surgeon may need
to stand on the left side of the operating table to perform the
surgery. Situs inversus with levocardia creates the mirror image
situation to normal situs with dextrocardia with the same issue
of reduction in the size of the right atrial free wall. The
consequence is that more creative techniques need to be used to
complete the third layer of the Senning procedure, using either
augmentation patches3 or a Shumaker technique of in situ
pericardium4,5 as discussed in the following section.
The abnormally positioned conduction tissue in ccTGA is
an additional consideration while performing the Senning
procedure. However, as the AV node does not lie in the
triangle of Koch, this can be an advantage. In the classic
Senning procedure, the coronary sinus (CS) is allowed to sit
in the pulmonary venous atrium to avoid the suture line
coming close to the conduction tissue; however, in ccTGA,
the suture line can pass anteriorly to the CS and so can leave
it draining to the systemic venous pathway. This is
particularly helpful in the setting of bilateral superior vena
cavae (SVC) but it must always be remembered that the
position of the AV node reverts to normal in ccTGA with
situs inversus.
Bilateral SVC or left isomerism can also be seen in
association with ccTGA. The left SVC usually drains to the
CS and so can be dealt with by committing it into the
systemic venous pathway as described previously. If the SVC
is unroofed or in the setting of left isomerism, it may be
necessary to reroute the SVC externally (described later)6 or
to perform a bidirectional Glenn (BDG) procedure. We have
also encountered cases in which a BDG procedure has been
performed at another institution and the child then referred
for anatomical repair. In these instances, it may be simpler to
leave the Glenn shunt in situ (as a one-and-a-half repair)7,8
or to take it down and reconnect it externally as illustrated
later in Figure 8. Such a philosophy is the logical extension
of the early approaches by Lillehei9 and Baffes to managing
simple transposition that transposed systemic and pulmo-
nary veins either directly or via homograft conduits.
Atrial switch in ccTGA 191The One-and-a-Half Repair
The role of the one-and-a-half–type repair in unloading the
right ventricle (RV) has become well established in several
areas of congenital heart disease, particularly in pulmonary
atresia with intact septum and in Ebstein anomaly. There
are several reasons why this may also be an attractive
option in ccTGA. One reason is that the morphologic RV
can be slightly small in ccTGA, especially in cases of ccTGA
with ventricular septal defect (VSD) and pulmonary artresia
(PA), and complete anatomical repair can result in a
restrictive RV physiology. Tricuspid valve dysfunction and
Ebstein-like dysplasia are also common associations and
unloading the RV may also be useful in this setting
(although taking the tricuspid valve out of the systemic
circulation is often sufﬁcient to restore near-normal
function).11 The one-and-a-half repair can also simplify
the atrial switch component of the surgery, doing away
with the need to create an SVC pathway—thus, the inﬂow
switch can be achieved by simply excising the atrial septum
and then placing a single bafﬂe within the atria to direct the
inferior vena cana (IVC) ﬂow into the tricuspid valve,
excluding the tricuspid valve from the remainder of the
atrial mass. This can be described as a “hemi-Mustard”
procedure and has reported excellent outcomes,7,8 as
illustrated in Figure 7. In cases of pulmonary atresia or
stenosis in which a Rastelli procedure is performed, the
one-and-a-half repair may also result in greater longevity of
the RV-PA conduit (as it only has to carry the IVC ﬂow),
thereby providing an additional advantage.
Some authors have successfully used the one-and-a-half
repair as a standard approach to all cases of ccTGA.
However, the technique is only suitable if the pulmonary
vascular resistance is low and it denies access for possible
catheter interventions in the future, particularly pacing
procedures, which are commonly required as part of the
natural history of ccTGA. There is also evidence that
functional capacity with a one-and-a-half repair is signiﬁ-
cantly less than with a true biventricular repair,10 and given
the low incidence of complications with the Senningprocedure, it can be argued that true biventricular repair
has greater beneﬁts.
In either setting, the technique is only viable if the
pulmonary vascular resistance is sufﬁciently low. Outcome
data for the volume off-loading effect of the cavopulmonary
shunt are limited,11 and the relative beneﬁts have been
elegantly described by Karl.12Operative Technique
Setup
Good access to the cavae is essential. The SVC should be
mobilized to facilitate high cannulation, this will allow a
good view into the opening of the SVC during the
procedure, avoid distortion, and aid creation of the systemic
venous pathway. It is important to preserve the azygous
vein—thus, if cannulating above the level of the azygous
vein, it may be necessary to control it with a separate snare
to prevent blood spilling into the operative ﬁeld (Fig. 1–11).
The IVC should be cannulated as low as possible.
Mobilization below the diaphragmatic reﬂection may help
and the purse-string suture is placed as low as possible.
Picking up the diaphragm surface in the suture can help
secure the purse-string suture to reduce the risk of bleeding
when it is tied at the end of the procedure.
Access to the IVC can be difﬁcult, particularly when there
is malposition of the heart. It may be easier to establish
bypass using the SVC and a cannula in the right atrial
appendage. This can then be transferred to the IVC once the
heart is decompressed on bypass. The purse-string suture in
the right appendage can ultimately be used to place the left
atrial pressure line.
The Waterston (or the Sondegaard) groove should then
be developed as extensively as possible. This is an
important step and creates valuable extra surface area of
atrial tissue to develop the bafﬂes. This is usually done after
bypass has been established as this allows the atria to
collapse.
Figure 1 Initial Incisions: The right atrium should be opened in a line anterior and parallel to the crista terminalis. Beginning at the superior
aspect of the right atrium, measure the diameter of the SVC and start the incision approximately the same distance below the SVC-RA
junction. The incision then heads down toward the IVC, parallel to the crista terminalis. At this point, the internal anatomy of the right atrium
is assessed, usually passing a pump sucker through the patent forman ovale (PFO) (if present, or creating a stab incision PFO if not) to vent
out the heart. The position and extent of the eustachian valve is examined; a well-developed eustachian valve is very helpful in creating the
systemic venous pathway. However, the valve is very variable and can be virtually absent in some patients. If the valve is well developed, then
the atrial incision should curve down toward the point at which the eustachian valve meets the lateral wall of the atrium (usually at the crista
terminalis). If the valve is poor or absent, then the incision should continue straight, parallel to the crista, stopping short of the IVC-RA
junction at a distance of approximately the diameter of the IVC. Ao ¼ aorta; Pa ¼ pulmonary artery; RAA ¼ right atrial appendage; RPV ¼
right pulmonary veins; SVC ¼ superior vena cava.
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Figure 2 Incisions for the First Layer: Stay sutures are placed in the atrium, and the opportunity is taken to assess the anatomy. The mitral valve
can be abnormal in ccTGA and should be assessed together with the size and position of any VSDs. There are 2 distinct components in this
section: the ﬁrst is creating the “ﬂap” from the atrial septum, and the second is creating a separate opening into the pulmonary venous chamber
through the Waterston groove.
The ﬁrst layer is then created by essentially cutting out the ﬂoor of the fossa ovalis; the ﬁrst incision is made at the medial edge of the fossa,
as close to the mitral valve as possible, and then extended inferiorly close to the ﬂoor of the atrium until coming to the lateral wall of the heart.
Superiorly, the incision is continued around under the limbus, laying open the PFO, if present. Next a bold incision must be made across the
limbus, underneath the opening of the SVC as shown by the dotted line in (A). This is angled laterally and slightly superiorly and is very
important to prevent there being too much of a “ledge” in the SVC pathway. The incision is not one generally made in cardiac surgery and is
somewhat unnerving to make as it involves cutting out of the heart. Be bold! A right-angled instrument is then placed into this cut muscle (B)
and should come out through the lateral wall of the heart in the interatrial groove. Thus it is greatly facilitated by having already developed the
Waterston groove.
The separate opening into the pulmonary venous chamber is now created, starting at this point where the right-angled instrument has come
out through the Waterston groove. This pulmonary venous opening is extended inferiorly as low as possible. This process frees up the hinged
ﬂap of atrial tissue and is helpful to ensure the assistant holds the ﬂap up under gentle tension so that the surgeon can ensure the incision stays
behind the ﬂap—often working back and forward between a view inside and outside the atrium. The ﬂap of tissue should now be freely
hinged on the lateral wall of the heart and roughly rectangular in shape. Only a small surface area of tissue is required for this ﬂap, and even
when there is a large PFO or atrial septal defect, we have not found it necessary to augment this ﬂap with additional tissue. It may sometimes
need to be trimmed of any thickened or irregular edges. There is inevitably a slight “dogleg” to the SVC pathway as it runs posteriorly over the
limbus—the incision across the limbus helps to reduce this and it may also be possible to trim away some of this tissue; if there is concern that
this is thinned and close to the outside of the heart; then this raw area of muscle can be oversewn in the manner of a pyloroplasty (ie, by
making a longitudinal incision and closing it transversely, [C]). CS ¼ coronary sinus; MV ¼ mitral valve.
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Figure 3 Creation of the First Layer: The hinged ﬂap creates the ﬁrst layer, allowing it to drop down into the left atrium such that all the
pulmonary veins (and nothing else) are deep to it. The inferior lip of the left atrial appendage is the starting point, continuing the suture line
superiorly and inferiorly from here, running back toward the hinge point of the ﬂap. Each layer of the Senning procedure must respect the
subsequent layers, and it is essential that this suture line ensures maximum volume for the SVC pathway above it. Thus, two-thirds of the
margin of the ﬂap should be used for the superior half of this suture line—this provides the necessary tissue to keep as posteriorly as possible,
leaving room above it for the “doglegged” pathway of the SVC. Inferiorly, there is much more volume of the atrium to work with, thus the
slightly shorter “half” of the ﬂap (ie, approximately one-third of the free margin) can be gathered along the ﬂoor of the left atrium with widely
spaced sutures along the atrial ﬂoor. The suture line is shown by the dotted line here. This should have left all the pulmonary veins behind the
patch, which can be examined through the lateral opening to ensure they all open widely into the chamber.
It is surprising how little tissue is required for this ﬂap; the size of a postage stamp is usually all that is required. Although the ﬂap can be
enlarged by adding an additional piece of patch material,13 we have not generally found this necessary. Extensive mobilization of the heart at
the outset of the operation, including freeing up the left appendage, is essential as it allows the left appendage to fall into the atrium as this
suture line is created. TV ¼ tricuspid valve.
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Figure 4 Creation of the Second Layer: The Systemic Venous Pathways: The lateral component of the right atrial free wall is now rolled forward
to create the systemic venous pathway. The midpoint is attached to the remnant of the atrial septum immediately below the mitral valve and
this is a useful landmark to keep in mind, though it is usually easier to start the suture line inferiorly. The role of the eustachian valve is key to
this maneuver, and if it is well developed, then the surgeon can begin by suturing the free wall of the right atrium to the eustachian valve,
running toward the CS. However, if the valve is poorly developed, then more volume is required for the ﬂap inferiorly, which must start at the
medial side of the IVC oriﬁce. It may be helpful to use a few moments of circulatory arrest at this point, removing the IVC cannula and snare to
provide a clear view of the most inferior part of the pathway.
The IVC pathway is not usually at risk of obstruction as it generally has a straight and short run through to the tricuspid valve (in contrast
to the “doglegged” SVC pathway). However, if required, the IVC pathway can be usefully enlarged by laying open the CS into the ﬂoor of the
left atrium; this helps to eliminate any “ridge” as the pathway crosses the original plane of the atrial septum.
The classical Senning procedure (as described for dextro-transposition of the great arteries) would run the inferior suture line of this layer along
the tendon of Todaro, leaving the CS anterior to it, so as to avoid the AV node. Thus, the CS would drain into the pulmonary venous atrium.
However, in ccTGA, the abnormal position of the AV node allows the suture line to run either side of the CS according to the surgeon’s preference.
Incorporating the CS usually allows greater volume to the IVC pathway and is generally our preferred method. It is important to record this clearly
as the position of the CS could be of vital importance to cardiac electrophysiologists if the patient should develop arrhythmias in the future.
The suture line is continued superiorly, using the cut edge of the septum close to the mitral annulus and then dropping back away from the
mitral annulus to avoid the AV node, and progresses superiorly to complete the SVC pathway, rolling the free edge over to seal off the SVC opening
behind it. At this stage, the surgeon can appreciate the importance of the initial atrial incision having been made sufﬁciently far anterior to the line
of the cavae—as this provides the necessary tissue to give volume to the 2 limbs of the systemic venous pathways. MV ¼ mitral valve.
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Figure 5 Creation of the Final Layer: The procedure is completed by bringing the cut free edge of the right atrium down onto the lateral opening
into the pulmonary veins, rather like closing the lid on a suitcase. The layer has to cross the lateral wall of both limbs of the systemic venous
pathway and it is vital that plenty of tissue is present to cover these areas—if they are pulled too tight, then they cause external compression of
these limbs. Cutting up into the right appendage may help release more tissue for this layer.
It is important to maximize the lateral opening into the pulmonary venous chamber and it is often possible to incise a short way between the
inferior and superior right pulmonary veins to allow the opening to fall open a little more. Point Y is then brought to Y′ and ﬁxed in place with a
double-armed suture that gathers together the tissues between the inferior limit of the left atrium and the back of the IVC, sealing off this bottom
corner. One arm of the suture then run forward, sealing off the free edge of the right atrium to the adventitia over the IVC pathway. Exactly the
same is then done superiorly, bringing point X to X′ and sealing off the upper run over the adventitia of the SVC pathway. The layer is then
completed by connecting the remaining free edge of the right atrium to the lateral opening of the pulmonary veins between points X′ and Y′.
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Figure 6 Augmentation of the Final Layer: The success of the ﬁnal layer depends on there being sufﬁcient surface area to the remaining free wall
of the right atrium. If there is insufﬁcient tissue, then the layer would be pulled too tightly across the SVC or IVC (potentially causing external
compression) or too tightly onto the pulmonary veins causing obstruction to the pulmonary venous pathway as it courses laterally around the
heart (Figs. 6 and 7).
This situation is particularly likely in cases of dextrocardia or mesocardia, which tend to be associated with a smaller surface area to the free
wall of the right atrium. This problem can be averted by augmenting the ﬁnal layer—which can be achieved in the following 3 ways:
(1) The native atrial tissue is used to complete the inferior component of the bafﬂe exactly as described previously, bringing Y to Y′.
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Figure 7 However, the layer is then completed by using a square patch to augment this area, bringing it up over the adventitia of the SVC and
onto the free margin of the right atrium. A relieving incision can be made at point Q to allow the chamber to open out. This is the commonest
technique that we use and is applicable to all anatomies. In terms of the choice of patch material, we favor the use of pulmonary homograft as
it is soft and supple, adapting to the natural curvature, and does not tend to calcify over time. However, fresh autologous pericardium would
also be ideal if available (frequently the double switch is a redo-sternotomy procedure and autologous pericardium is not readily available).
Other authors have used bovine pericardium, although this does tend to be stiffer to handle than pulmonary homograft and can crease and be
less forgiving to natural curves. The completed patch is shown here.
(2) The entire layer is augmented with a rectangular patch of tissue, joined to the opening in the pulmonary veins laterally, to the free edge
of the cut right atrium superiorly and running down over the SVC and IVC limbs laterally. Again we would prefer pulmonary homograft. Care
should be taken to seal off the angles at X′ and Y′ and often these can be brought together with interrupted sutures before placement of the
patch, this avoids having to run the suture line in and then back out of these crevices.
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Figure 8 (3) An alternative is to create a “pericardial well” using in situ pericardium and suturing the margins of the pulmonary veins and free
wall of the right atrium directly to the facing pericardium. Again, care must be taken to seal off areas X′ and Y′ and the position of the phrenic
nerve must be identiﬁed to avoid injury. Some authors recommend sharp dissection of the phrenic nerve and vessels off the pericardium
before beginning the suture line. RAA ¼ right atrial appendage; SVC ¼ superior vena cava.
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Figure 9 The “Hemi-Mustard” Procedure: The principle of the technique is shown here. A BDG shunt is created ﬁrst, taking the SVC ﬂow
directly into the PAs. The atrial septum is then completely excised. The atrial switch is then completed by simply diverting the IVC ﬂow
directly through to the tricuspid valve.
A large circular or oval patch is used, with a narrowest diameter at least one and a half times that of the IVC. The greatest risk of
obstruction is as the pathway passes over the point of the original atrial septum, and laying open the CS again helps to eliminate this
ridge. As described previously, the absence of the AV node allows for the CS to be included in the IVC pathway, giving it greater volume.
The suture line is shown with the dotted line in Figure 8, passing around the oriﬁce of the tricuspid valve and then back around the
opening of the IVC. Again, the eustachian valve can be used to secure the patch if it is well developed. We prefer to use a Gore-Tex patch
cut from a tube graft as this is strong enough to hold its shape and less likely to become distorted. Ao ¼ aorta; BDG ¼ bidirectional
Glenn; CS ¼ coronary sinus.
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Figure 10 The “Extracardiac Senning”: Unusual venous connections can be managed by rerouting some or all of the systemic veins externally to the
heart (Figs. 10 and 11). In this example, the patient had ccTGA with pulmonary atresia and VSD and dextrocardia and had previously undergone a
BDG anastomosis (Fig. 9) and atrial septectomy. BDG ¼ bidirectional Glenn; BT ¼ Blalock-Taussig; IVC ¼ inferior vena cava; PA ¼ pulmonary
artery.
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Figure 11 Rather than attempting to reverse the BDG, the SVC was ligated and a separate opening made into the leftward aspect of the
innominate vein. A (valveless) homograft conduit was then used to connect this opening directly to the opened out left atrial appendage.
The IVC was disconnected from the right atrium and a bevelled Gore-Tex graft was used to route this into an opening created in the
inferior aspect of the left atrium as shown here.
The atrial inversion was then completed by opening the right atrium and sewing in a bafﬂe that recreated the atrial septum, committing all
the pulmonary veins through to the morphologic right atrium and the mitral valve. As all the systemic veins now entered the left atrium
directly, placement of the bafﬂe was simpliﬁed.
An alternative in this situation would be to create a one-and-a-half–type repair, leaving the BDG in situ and performing a “hemi-Mustard”
procedure as shown in Figure 8. However, in this case, the PA pressures were raised and there was concern that a complete one-and-a-half
repair would lead to problems with high SVC pressure. RV–PA ¼ right ventricle to pulmonary artery; innominate v. ¼ innominate vein.
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Atrial inversion procedures are an ingenious way of
redirecting the venous return to the heart. Both the Mustard
and Senning procedures continue to be practiced in the
setting of the “double-switch” group of procedures, though
the Senning procedure is the focus of this article as it is the
most widely used in this setting.
Although both had excellent early outcomes, the
midterm and late results supported the Senning proce-
dure, which had a lower incidence of bafﬂe obstruction
(particularly the SVC pathway) and of subsequent bafﬂeleaks.13 In a recent 30-year follow-up study, the incidence
of bafﬂe obstruction was 15.3% in the Mustard procedure
vs 1.4% in the Senning procedure14; bafﬂe leak had an
incidence of 5%-15% in the Mustard procedure15
compared with less than 5% with the Senning procedure;
and the overall freedom from intervention has been much
lower in the Senning procedure (relative risk ¼ 0.34). The
Senning procedure has also been reported to be associated
with better late survival than the Mustard procedure at 5,
10, and 15 years (95% vs 86%, 94% vs 82%, and 94% vs
77%, respectively).16,17
Atrial switch in ccTGA 203Thus, the Senning procedure became the most commonly
used technique for the atrial switch in published series of the
double-switch techniques.3,18-21 It tends to rely on ﬁxed
anatomical landmarks and so is potentially more reprodu-
cible, even in case of unusual anatomy, as compared with the
Mustard procedure, which has been described with variable
techniques. Nevertheless, enthusiasts of the Mustard proce-
dure point out that not all studies have shown a difference
comparing late outcomes of the 2 techniques7 and the
argument continues to this day.
The malposition of the heart and unusual venous
anatomies encountered in ccTGA require a ﬂexible approach
to managing the atrial switch; particularly with the common
need to augment the outer layer of the Senning procedure.
The one-and-a-half–type repair using the hemi-Mustard
procedure is a useful adjunct in cases with difﬁcult anatomy
or concerns over the volume of the RV—but it can also be
used as a standard procedure.References
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